Relation of phosphorus to growth, nodulation and composition of soybeans by Hutchings, Theron B., 1912-
AUGUST, 1936 RESEARCH BULLETIN 243 
UNIVERSITY OF MISSOURI COLLEGE OF AGRICULTURE 
AGRICULTURAL EXPERIMENT STATION 
F B. MUMFORD, Director 
R elation of Phosphorus to Growth, 
Nodulation and Composition 
of Soybeans 
THERON B. l-IUTCII INC;S 
(Publication A uthorizecl July 27, 1936) 
!,,~~:'f ::""": ::" _:_ 
'1, "" or", '" 'f." :: ~ A.... ... 
-~" ~ - - -:~; ~ 3 ~~: \":"):" .i ~'o~ i . 
COLUMBIA, MISSOURI 
TABLE OF CONTENTS 
Page 
Introduction .... .... .. ...... .... .. .. ...... ............ .... ... ..... .. .... ... .................... ..... ... .... 3 
Historical ..................... ....... .... ...... ....... .... ... ... ...... .. .... ...... ..... .......... ............ 3 
Experimental ........ ................. .... .......................................... ... ...... ............. ;'l 
Plan and methods of the experiment. ,1 
Control of calcium and phosphorus level by means of 
colloidal clay ............. ... ................... ....................... .... 6 
Analytical methods ............. ................. ...... .......... ................ ... ... 11 
Results ............. .... ........ ..... ......... ........................... .......... ..... ............. .... 12 
I Growth and nodulation. First crops, groups T, II 
and III ............ ............................................................... ....... 12 
II Chemical composition. First crops, groups, I , II 
and III ....................................................... ........................ .. .21 
III Growth and nodulation of successive crops. Group 
I, crops L 2 and 3 ............ ........... . . .............................. .2·9 
1\'" Chemical composition of successive crops. Group I, 
crops 1,2 and 3 .. ......... ........................ .......... . . 36 
Discussion ................................. ...... ... ............................... ......... ... ........ ..... . .42 
Summary • ___ - - _._ ••• _ ___ • ____ • __ A _ •• - _ •• - - _ _ _ •• _. - - ________ • - - ........... eo _.'1. --') .~ ~ - .-·-1-· --- ___ --.. _. _. __ . ___ 45 
.. .. • .. t ..... .. 
.. ........ -: ..... : .. .. ~: ~.: .. ~: :~ .. ~ ~~ .. 
... . : .... :.: ....... ~ .. ", .... 
• _ . ______ ~.; !'~'! _.~_:_!_ :._:_~.'!.~ ... ·0 :~_~ 0.: _~ ___ . ___ . ___ .0 .__ ._____________ _ .___ ...... __ .. ___ . ___ 46 
•••.• •••.• c:: .. • •• :·.~ ··.~ 
.... : ~ .~~.: ... :: .. 
, " ........ .. 
References 
.. .. ...... _ •• : ... :: .. lit. 
At~kM~iE~~E~~· : 
.... lit. 
The author expresses his sincere appreciation to Dr. \Vm, A. 
Albrecht for his advice and kindly criticism during the course of this 
investigation and the preparation of this manuscript. 
Relation of Phosphorus to Growth, 
Nodulation, and Composition 
of Soybeans * 
THERON B. HUTCHINGS 
INTRODUCTION 
Phosphorus has long been assigned a key posItIOn in plant and 
animal nutrition. Its function in · carbohydrate metabolism and its role 
as a constituent of nucleic acids associate it with vital cell processes. 
Many soils that may not seem deficient in phosphorus according to 
chemical tests still give a crop response when phosphorus is applied 
and other fertility conditions are adequately fulfilled. Legumes are 
particularly responsive to applied phosphorus. Experiences with clover 
on phosphate fertilized wheat testify of this fact. It would seem 
essential then, to give some attention to the effect of phosphorus on 
nodulation, growth and composition of legumes. The relation of nitro-
gen and phosphorus in protein synthesis would suggest a correlation 
between phosphorus applied and nitrogen fixed. The high calcium 
content along with the relatively high phosphorus content of legumes 
has prompted many investigators to consider this as a possible causal 
relationship. Much of the data obtained are suggestive of similar and 
other relationships which are in need of interpretation. 
Recent investigators have clone much to elucidate the complex 
physico-chemical phenomena assqciated "vith the behavior of phosphorus 
in soils. Their approach to the understanding of its behavior from the 
colloidal view point offers great promise for a better tmdcrstanding of 
these phenomena, especially with reference to the plants' use of phos-
phorus. However, the influence of calcium on the phosphorus-clay 
linkage is still not fully explained. The work reported herein is an 
attempt to study the influence of phosphorus on growth, nodulation 
and composition of soybeans by the use of colloidal clay as a carrier 
for the nutrients in the hope that sllch studies might contribute to our 
understanding of the physiological behavior of the phosphorus-calcium-
colloidal clay complex toward the plant in its growth, noclulation and 
nitrogen fixation. 
HISTORICAL 
Phosphorus, as a factor affecting growth and nodulation of leg-
umes, has received consiclerable ancl varied attention for many years. 
No attempt will be made to review the literature on this subject 
'Submitted by the author in partial fulfiJlmcnt of the requirements for the degree of 
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excepting those publications that have most influenced the plan and 
interpretation of the results of this work. 
vVilson (30) * reported that phosphates in soil culture increased 
nodule production in his studies pertaining to the soybean organism. 
Fellers (11) found that, 
"The yields of total dry matter and seed of soybeans are materially increased 
by small applications of acid phosphate, especially when the soils are well limed . 
. . . On acid soils acid phosphate did not give any appreciable increase, hence 
the soil should be first limed before applying phosphatic fertilizers. Nodule 
production was also stimulated on limed soils by acid phosphate but this was not 
so marked on acid soils. Acid phosphate, however, seems to exert a beneficial 
influence on protein formation in the seed on bOoth limed and unlimed plots." 
MacTaggart (19) points out that lime and phosphorus together 
increased the weight and total nitrogen content of alfalfa, Canada field 
peas and soybeans more than lime alone. Helz and vVhiting (12) 
shov,red that rock phosphate and superphosphate stimulated nodule 
production but that a 300 pound application of potassium chloride and 
superphosphate decreased germination and nodule numbers. Schmitt 
(26) also found liming to increase the phosphorus content of legumes 
as indicated by Neubauer methods. Thornton (27). while studying 
the effects of fresh straw on the growth of certain legumes, found that 
fresh chaff incorporated vvith soil caused a significant increase in the 
number of nodules produced on inoculated plants. This increase was 
augmented by the increase of phosphates. Bryant (9) found ca.lcium 
and phosphorus to be of equal benefit in the nodulation of soybeans. 
The superphosphate inhibited nodulation to some extent but super-
phosphate and calcium carbonate increased nodulation over calcium 
carbonate alone, thus emphasizing the significance of phosphorus. 
Scanlan (24) reported that the type of soil used influenced significantly 
the results ohtained in regard to phosphorus relationship and Perkins 
(21) found phosphates non-essential for young soybean plants. 
Thus it appears that phosphorus influences the growth and nodu-
lation of soybeans favorably under certain soil conditions and fertilizer 
combinations. Most of the influences by phosphorus seemed to be 
modified widely according to the presence or absence of liberal lime 
supplies in the soil. Since the influence of calcium on soybean growth 
and nodulation has been successfully attacked in the work of Albrecht 
et al. (1) (2) (3) (4) (5) (14) (15) by means of the sancI-colloidal 
clay mixture, and since the clay also adsorbs phosphorus. which is 
apparently closely .associated with calcium, it was deemed desirable to 
approach the problem of the influence of phosphorus on growth and 
nodulation of soybeans by employing these methods for quantitatively 
controlling the supply, especially of these two nutrients and others, and 
*Numerals refer tJ HKeferences/' Page 46. 
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thus make possible a more definite conception of the significance of 
phosphorus in growth and nodulation. 
EXPERIMENT AL 
Plan and Methods of the Experiment 
This investigation divides itself into two principal phases. First, 
a study was made of the behavior of phosphorus as related to growth, 
nodulation and composition of soybeans when levels of some essential 
bases, especially calcium, were controlled. The amount of calcium 
necessary under the experimental conditions used, as shown by previous 
work (5), was 0.2 M.E. per plant. Similarly, levels for potassium, 
magnesium and barium were also suggested (14). Second, a study 
was made of the effect of declining fertility levels on the utilization of 
phosphorus and other nutrients. 
The Virginia variety of soybeans was chosen for this investigation 
because of the previous work done with them. Their response to season 
and greenhouse culture is rather cletlllitely known, thus making possible 
more valuable comparison with previous work. An effort was made 
to select those seasons that favored grov\;th. 
The plants were gro'vvn under greenhouse conditions in sand-clay 
culture media. The standard, electroclialyzed coI1oidal clay served as 
a means of controlIing the nutrient supply for the plants. The amount 
of clay added was insufficient to produce any bael physical condition, 
7.0 
5.0 
~ 
5.0 
4.0 
./ V 
V V ~ 
L--" V I---
..... 
V 
3.0 
10 20 30 40 50 60 70 
M.E. Calcium per 100 gms. Clay 
Fig. I.-Titration curve of hydrogen clay and calcium 
hydroxide. 
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the maximum being 35 gms. clay (dry weight) in 2000 gms. of sand or 
approximately l.75%. The season and growth periods are listed later. 
Control of Calcium and Phosphorus Levels by Means of Col-
loidal Clay.-Colloida:l Clay Preparation.-The clay was obtained 
from the heavy subsoil layer of the Putnam silt loam. The colloidal 
fraction was extracted and purified according to the methods of Brad-
field (7) (8). A titration curve of the clay so prepared and calcium 
hydroxide is shown in Figure 1. 
Phosphorus Adsorption by Clay.-Since the study involves pri-
marily the use of phosphorus, and since the Putnam colloid is a negative 
colloid, it was necessary to determine whether or not this colloid pos-
sessed the power of phosphate adsorption, in what manner calcium 
would influence this adsorption and 'whether the adsorbed phosphate 
is available to plants. 
In order to determine the adsorption capacity for phosphate, known 
quantities of H-clay ",'ere treated with varying amounts of ortho-
phosphoric acid as recorded in Table I. After standing 24 hours, with 
intermittent shaking, the s.amples were centrifuged and the phosphorus 
in the supernatant liquid determined. The difference between phos-
phorus added and that found in the supernatant liquid was considered 
to be adsorbed by the clay. Increasing the concentration caused in-
creased adsorption as shO".111 in Table 1 and Figure 2. These results 
are similar to those reported by Ravikovitch (22) . 
TABLE I.-ADSORPTION OF PHOSPHORUS BY H-CLAY 
(Figures are M. E.* per 100 gms. Dry Weight of Colloidal Clay) 
Phosphorus Phosphorus 
Tube Tube 
Number Added Adsorbed Number Added Adsorbed 
0.50 0.50 11 25.00 16.50 
2 1.00 1.00 12 30.00 15.50 
3 3.00 3.00 13 35 .00 16.25 
4 5.00 3.50 14 50.00 20.00 
5 8.00 4.60 15 75.00 27.50 
6 10.00 4.75 16 100.00 32.50 
7 12.00 7.60 17 125.00 111 .88 
8 14.00 7.10 18 175.00 118.13 
9 16.00 9.37 19 250.00 180.00 
10 20.00 11.50 20 
*Abbreviation used for milliequivalents. One milliequivalent weight of calcium 
is taken as 20 mgms. and for phosphorus 10.342 mgms. This abbreviation will be 
used throughout the following pages. 
Influence of Calcium on Phosphate Adsorption.-The influence of 
calcium on the retention of phosphorus by the colloid was determined 
by adding varying amounts of calcium hydt:oxicle and calcium acid 
phosphate to known portions of H-c1ay. The colloidal clay was titrated 
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Fig. 2.-Adsorption of Phosphorus by Hydrogen Clay. 
to the desired calcium level with its hydroxide, allowed to react 48 hours 
and then titrated with the mono-calcium phosphate. Twenty-four hours 
later the tubes were centrifuged and the phosphorus in the supernatant 
liquid determined. The difference in the amounts added and those so 
found were assumed to be adsorbed. The tubes were then allowed to 
stand for 30 days and the pH determined, washed twice by centrifuging 
and the pH again determined. The results obtained are recorded in 
Table 2. When 15 MJE. of phosphorus were added over 90% was 
adsorbed, and more was held as the amount of adsorbed calcium in-
creased. When higher concentrations of phosphorus were employed 
more phosphorus was retained. Similar results have been reported by 
other investigators (13) (22) (23) (25). Scarseth (25) gives a sche-
matic conception of the calcium-phosphate-colloid linkage. 
Thus it has been shown that the colloidal fraction of the Putnam 
silt loam will adsorb phosphorus arid that this adsorption is infiu~nced 
by the concentration of added phosphorus and the presence of adsorbed 
calcium. That the adsorption is not a case of insoluble phosphate pre-
cipitation is shown by the fact that washing the clay causes the pH 
to approach the previous value, thus showing that the calcium functions 
as adsorbed ions. For the decrease in pH the following explanation 
might be offered. A certain small quantity of the adsorbed phosphorus 
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TABLE 2.-INFLUENCE OF CALCIUM ON THE ADSORPTION OF PHOSPHORU S 
BY H-COLLOID 
(Figures are M. E. per 100 gms. Dry Weight of Colloidal Clay) 
Tube Calcium I Resul ting I PhOSPhorusl Resul ting I PhOSPhorusl pH After Washing 
Number Added pH Added pH Adsorbed Twice 
1 30 4 . 90 15 4.12 13.5 4.84 
2 30 4.90 15 4.14 13.5 4.82 
3 45 5.40 15 4.29 14.0 5.25 
4 45 5.40 15 4.31 14.0 5 .28 
5 60 6.30 15 4.80 14.0 6.18 
6 60 6.30 15 4.76 14 .0 6.22 
7 30 4.91 30 3.65 23.0 4.80 
8 30 4.90 30 3.70 23.0 4.84 
9 45 5.40 30 4.08 24.95 5.20 
10 45 5.40 30 4.10 24.95 5.30 
11 60 6.30 30 4.28 26.0 6.00 
12 60 6.30 30 4.31 26.0 5.95 
13 30 4.90 45 4.04 26 .0 4.80 
14 30 4.92 45 4.08 26.0 4.82 
15 45 5.40 45 4.30 31.0 5.25 
16 45 5.40 45 4.31 31.0 5.22 
17 60 6.30 45 4.60 33.6 5.90 
18 60 6.30 45 4.66 33.6 5.90 
is leachable or replaceable through the action of water and these released 
phosphate ions, together with the displaced hydrogen ions, cause the 
decline in the pH figure. It is not possible to wash out all traces of 
the replaced phosphate; hence, the pH cannot return to the original 
value. 
Availa:bility of Adsorbed Phosphorus.--The third phase to be con-
sidered is the availability of this adsorbed phosphorus to plants. The 
tvv'O methods used to measure this ,vere electrodialysis and the exchange 
reaction with .002' N. H 2SO.. The latter method would be expected 
to give lower results in this instance because the energy of adsorption 
of the phosphate ion is no doubt greater than that of the sulfate ion. 
Since the experimental ranges for the amount of phosphate to be 
supplied were relatively low in comparison to the colloid's capacity, 
the experiment was designed to work close to the levels that were to be 
used in growing the plants. The set-up and results are given in Table 
3. The phosphorus was supplied as Ca(H2PO.)2' Whenever phos-
phorus was supplied in this form,' the amount of calcium added was 
taken into consideration and deducted from the amount added as 
Ca (0 H) 2 ' The pH of this material after washing was lower than that 
of the H-colloid titrated with calcium hydroxide alone. For 66 M.E. 
of calcium per 100 gms. of colloid the pH was very near 7.0 in the 
latter titrati~n. The .002 normal sulfuric acid liberated approximately 
half as much phosphorus as came out by electrodialysis. In all cases 
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TABLE 3.-AvAILABILITY OF ADSORBED PHOSPHORUS AS MEASURED BY 
ELECTRODIALYSIS AND .002 N. H 2S04 
(Figures are M. E. per 100 gms. Dry Weight of Colloidal Clay) 
Available Phosphorus by 
pH After 
.002 N . 
Tube Phosphorus Calcium Washing Electro- H 2S04 Ex-
Number Added Added Twice dialysis traction 
1 3.75 60 6.00 lost lost 
2 3.75 63 6.20 3.25 1.40 
3 3.75 66 6.40 3.20 1.45 
4 7.50 60 6.00 7.00 3.25 
5 7.50 63 6.22 7.00 3.12 
6 7.50 66 6.45 7.00 3.10 
7 10.75 60 6.00 8.60 4.60 
8 10.75 63 6.46 8.90 4.40 
9 10.75 66 6.46 9.00 4.80 
however, it was possible to recover a relatively large percentage of 
the added phosphorus by electrodialysis. 
Therefore, one may conclude that the colloid from Putnam ,ilt 
loam adsorbs phosphorus and that this phosphorus, even in the presence 
of sufficient calcium for plant growth, is available to plants as measured 
by electrodialysis. 
Ca1ciu,m a,nd Phosphorus Levels Used.-On the basis of this infor-
mation it was then possible to prepare the media for the pot cultures. 
Quantities of H-clay, sufficient to adsorb the required amounts of 
calcium, were taken. Phosphorus \vas added to these as Ca (H2 PO. L 
in amounts as given below, allowed to stand one week and then .washed 
twice by centrifuging. The desired amounts of calcium were then 
added as the hydroxide. The cultures prepared for group I are sche-
matically represented as follows with the figures given as M.E. per 
50 plants: 
Group I 
SERIES A 
No.1 ~P - 0.65 ~ P - 1. 25 t- 1. 87 Ca- 10.00 2 Ca- 10.00 3 Ca- 10.00 
SERIES B 
No.4 ~ P - 0.65 5 {P - 1. 25 t- 1.87 Ca- 10.50 Ca- 10.50 6 Ca- 10.50 
SERIES C 
No.7 {P - 0.65 ~ P - 1. 25 ~p - 1.,87 Ca- 11,.00 8 Ca- 11.00 9 Ca- 11.00 
The clays were then mixed with the desired amount of quartz 
sand that had been previously leached with 1:1 Hel for 48 hours and 
then washed free of chlorides. The sand-clay cultures set up in enamel-
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ware pans were allowed to evaporate to optimum moisture content, 
and 50 inoculated soybean seedlings planted. Three crops were grown 
on these sand-clay mixtures without any further treatments. The 
plants were harvested and the pans reseeded with inoculated seedlings. 
Some changes were made in the media for Group II. The appear-
ance of dead, brown areas on the leaves of crops 1 and 2, group I, 
suggested a potash deficiency, and since the plants had shown no con-
siderable growth variation, more refined phosphorus levels seemed 
necessary. Therefore, clays were prepared that carried calcium, potas-
sium and phosphorus. The phosphorus was supplied as KH2 P04 and 
the remaining amount of desired potassium as KOH. The samples 
were run in triplicate with treatments diagrammatically represented as 
foIlows where the figures express M£. per 50 plants: 
Group II 
SERIES D 
{P- 0 . 00 No.1 K- 1. 76 2 
Ca- 10.00 
{ P- 0.15 {P- 0.30 { P- 0.45 K- 1.76 3 Ki- 1. 76 4 K- 1. 76 
Ca- 10 .00 Ca- 10.00 Ca- 10.00 
SERIES E 
{P- 0.00 No. 1 K- 1.76 2 
Ca- 10.00 
{P- 0.15 { P- 0 . 30 { P- 0.45 K- 1.76 3 K- 1.76 4 K- 1. 76 
Ca- 10.00 Ca- 10.00 Ca- 10.00 
SERIES F 
0.15 0.30 0.45 
No.1 K- 1.76 { 
P- 0.00 
2 K-{ P- 1. 76 3 K-{ P- 1. 76 4 K-{ P- 1. 76 
Ca- 10.00 Ca- 10.00 Ca- 10.00 Ca- 10.00 
These clays were then used as sand cultures with subsequent 
treatments as those of group I. 
Group III was designed to study the influence of different bases 
on the utilization of phosphorus. The seed supplied all of the phos-
phorus with the exception of a small amount that was added when the 
seedlings were inoculated. The four series of treatments prepared in 
this group \'.'ere as follows where the figures represent M.E. per 50 
plants: 
Group III 
SERIES G (CALCIUM-HYDROGEN) 
No. 1 i~a~ 2~ 2 {~a~ 1~ 3 {~a~ ~~ 4 1~a~ 1~ 5 i~a~ 2~ 
SERIES H (CALCIUM-MAGNESIUM) 
5Ca- 0 5Ca- 5 5Ca- 10 5Ca- 15 5Ca- 20 
No.1 1 Mg- 20 2 1 Mg- 15 3 1 Mg-I0 4 1 Mg- 5 5 1 Mg- 0 
SERIES I (CALCIUM-POTASSIUM) 
No. 1 ~~a~2~ 2 ~~a~l~ 3 1~a~i~ 4 {~a~l~ 5 1~a~2~* 
SERIES J (CALCIUM-BARI UM) 
5 Ca- 0 5 Ca- 5 5 Ca- 10 5 Ca- 15 5 Ca- 20* 
No.1 1 Ba- 20 2 1 Ba- 15 3 I Ba- 10 4 I Ba- 5 5 1 Ba- 0 
*Only two cultures were grown on clays containing 20 M. E. per 50 plants, viz., 
culture 5, series G and H. . 
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The calcium, potassium and barium were added as hydroxides and 
the magnesium as the oxide. In each case, the ion supplementary to 
the calcium was titrated into the clay first, allowed to react 96 hours 
and then the required amounts of calcium added. 
In each of these groups the seeds were soaked for 24 hours in 
distilled water, sprouted between washed filter papers and planted into 
the sand-clay mixtures when the radicle was 1-2 cm. long. The water 
loss was replaced tViice daily. During November artificial light was 
used to prevent photoperiodic effects. The seasons, periods of growth 
and variations in the treatment are given in schematic summary Jl1 
Table 4. 
TABLE 4.- SCHEME OF TREATMENTS, SEASONS AND GROWTH PERIODS 
Group lerop Iseriesl 
Culture 
I 
Growth 
Number Media Season Period 
- --------
A 1-2-3 
B 4-5-6 July 30 Days 
C 7-8-9 
A 1-2-3 Calcium constant within 
senes. Phosphorus levels 
2 B 4-5-6 variable within series and September 30 Days 
constant between senes 
C 7-8-9 
A 1-2-3 
3 B 4-5-6 November 30 Days 
C 7-8-9 
D 1-2-3-4 
Constant calcium and 
II E 1-2-3-4 potash levels but variable November 30 Days 
phosphorus 
F 1-2-3-4 
G 1-2-3-4-5 Ca-H 
H 1-2-3-4-5 Ca-Mg 
III April 35 Days 
1-2-3-4-5 Ca-K 
J 1-2-3-4-5 Ca-Ba 
Analytical Methods.-The analytical data reported represent 
the analyses of both tops and roots of SO plants in each case. The 
analyses for calcium were made by precipitating it as an oxalate and sub-
sequent titration with .05 N. KMn04 • Phosphorus was determined by 
the colorimetric method of Deniges as adopted by Truog (29). Regu-
lar Kjeldahl procedure was used for the total nitrogen. These analyses 
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were made on separate aliquots of a sulfuric acid digestion. Potassium 
determinations were made on separate plant samples according to the 
method of Kirsanoff et al. (17). The samples for this determination 
were first digested by a mixture of nitric and perchloric acids. 
RESULTS 
I. Growth and Nodulation. First Crops, Groups I, II and III. 
I n general, increments of phosphorus have stimulated growth and 
nodulation as measured by height, weight and nodule numbers . In 
regard to weight, the most pronounced increases are noted with the 
high calcium leyels. The results are given in Table S, represented 
graphically in Figure 3 and by photographs in Plate 1. The average 
I 
Cul-
ture 
Num-
ber 
1 
2 
3 
4 
5 
6 
7 
8 
9 
TABLE 5.-INFLUE NCE OF PHOSPHORUS ON GROWTH AND 
NODULATION OF SOYBEANS 
(Group I, Crop 1) 
Treatmf.'nts Crop Characters 
Wt. of 50 Plants 
Phos- Cal- Average - r Roots phorus clum Height Tops I Total 
M. E. M. E. ems. gms. gms. gms. 
SERIES A 
0.65 10 .0 35 . 5 6 . 216 2.097 8.313 
1. 25 10.0 39.3 5.440 1 . 535 6.975 
1. 87 10.0 48.2 5.937 1.962 7.899 
SERIES B 
0.65 10.5 35.5 6.721 1 . 964 8.685 
1. 25 10 . 5 44.4 7 . 515 3.062 10 . 577 
1.87 10 . 5 48.2 5.401 2.309 7 . 710 
SERIES C 
0. 65 11.0 40.6 4.118 1.375 5.493 
1. 25 .11.0 44 . 5 6.934 2.223 9 . 157 
1.87 11.0 40.6 6.974 2.000 8.974 
-
Nodules 
per 50 
Plants 
154 
88 
170 
7 
55 
129 
16 
229 
112 
height of the plants increased as the amount of added phosphorus 
increased in all cultures but one, viz., 9, series C. There was also a 
gei1ercil improvement in nodulation, but the results are somewhat vari-
able and indicate that added phosphorus under these experimental 
conditions was not a fundamental factor controlling nodulation. The 
greatest number of nodules was produced by culture 8, Series C, con-
taining relatively high calcium and medium phosphorus levels. 
\ iVhen the plants ,,,ere 10 to 14 days old, yellowish-brown s pots 
began to form on the margins of the leaves and these areas enlarged 
as growth proceeded. They were most conspicuous on the older portions 
of the plants, \Vhert the experiment was terminated most of the lower 
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Fig. 3.-Influence of phosphorus on growth ane! nodulation of soy-
beans. (Group I, Crop 1) 
13 
leaves were dead. These symptoms were considered as those of potash 
deficiency. 
In group II an effort was made to have more refined phosphorus 
levels, to maintain calcium constant and to introduce a constant amount 
of potassium into the media. This was clone as an attempt to decrease 
the variability of growth and nodulation and to overcome the potas-
sium deficiency symptoms. 
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Plate 1. Growth of soybeans in relation to variable phos-
phorus at different calcium levels, Group I, crop 1 (Increasing 
phosphorus from left to right; higher calcium below). 
During the entire growth period the plants appeared more vigor-
ous than those of the previous group and the brownish spots were less 
pronounced. These spots did not appear until one week later in the 
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plants' history, but again became worse as growth continued. The 
data of the second group are given in Table 6, represented graphioally 
Cul-
ture 
Num-
ber 
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TABLE 6.-INFLUENCE OF PHOSPHORUS ON GROWTH AND 
NODULATION OF SOYBEANS 
(Group II, Crop 1) 
Treatments Crop Characters 
Wt. of 50 Plants Nodules 
Average 
I per 50 P Ca K Height Tops Roots I Total Plants 
M.E. M. E. M. E. ems. gms. gms. gms. 
SERIES D 
0.00 10.0 1.76 43.2 6.819 2.069 8.888 270 
0.15 10.0 1. 76 48.2 6.735 2.289 9.024 248 
0 .30 10.0 1.76 45.7 6.296 1.724 8.020 151 
0.45 10 .0 1.76 38.1 6.712 J .777 8.489 99 
SERIES E 
0.00 10.0 1. 76 50.8 6.988 2.215 9.203 183 
0.15 10.0 1.76 43.2 6.508 2.079 8.587 268 
0.30 10.0 1. 76 48.2 6.528 2.114 8.642 116 
0.45 10.0 1.76 52.0 6.989 2.048 9 .037 262 
SERIES F 
0.00 10.0 1. 76 43.8 6.875 2 .098 8.973 127 
0.15 10.0 1. 76 48.2 5.734 2.000 7.734 271 
0.30 10.0 1.76 45.7 6.827 2.414 9.241 249 
0.45 10.0 1.76 39.3 6.607 1.923 8.530 92 
12 
---
50 ~( 00 
11 
--_lli!~~_ . ~--------
---
5 45 
10 
!l--
--/ \.. ~ 40 ~5 o 
9 / '~ b() "rI 41 ~fi .t: 
8 
~g t ',- GI 
L \. ~ ~" ~c 00 
7 
, 
~ NOdUle~\. 25 
---6 
----
~ o 
o .15 .30 .45 
M.E. Phosphorus added per 50 Plants 
Fig. 4.-Influence of phosphorus on growth and nodulation of soy-
beans. (Group II, Crop 1) 
16 MrSSOUItI AGRICULTURAL EXPERIMENT STATION 
in Figure 4 and by photographs in Plate II. The plotted data repre-
sent the averages of triplicate cultures. 
It is evident that under these conditions and degrees of growth 
obtained within the limits used in group II, that small increments 
of phosphorus had a tendency to decrease growth and nodulation. 
It is of importance to note that the average nodule production is 
greater in group II than in group 1. This suggests that the bacteria 
were able to effect better entrance into the plant roots in connection 
nith the potassium treatments. It is possible that the light was more 
intense for group I than for group II. Orcutt and Fred (20) have 
shown that intense sunlight inhibits nitrogen fixation due, presumably, 
to the unfavorable balance between carbohydrate and nitrogenous 
material within the plant, since strong light tends to increase the 
carbohydrate material. On the other hand, potassium is considered 
to perform an important function in carbohydrate synthesis, hence, 
the addition of potassium to the media of group II should increase 
the amount of carbohydrate present and produce an effect similar to 
that of group I and therefore similar nodulation. But such is not 
the case. Consequently, one might believe that this increase is due to 
a balancing of the nutrient supply, which enabled the bacteria and 
the plants to function more efficiently. This is supported further by the 
fact that the plants in group II fixed more nitrogen than those of 
group 1. 
It is generally assumed and reported that phosphorus has a ten-
dency to increase root growth in comparison to that of the tops. With 
this in mind an examination was made of the data given in Tables 5 
and 6. It shows that there is no consistent relationship between 
roots and tops as influenced by added phosphorus except in group I, 
series B. In this case there is a tendency for an increase in compara-
tive root growth. The results as a whole are too variable, however, 
to be considered as evidence that there is a greater beneficial effect 
by phosphorus on root growth than 011 the remaining parts of the 
plants. 
The results from groups I and II show that added phosphorus 
does not appear to be a fundamental factor in ' controlling nodulation 
in the early activity of soybean plants. Since the soybean forms a 
relatively large seed, which serves as a food reserve, the seed phos-
phorus was probably sufficient to meet the plant requirements for 
that element during the first four-week growth period of the plants 
intended in these groups to be long enough to study, primarily, their 
nodulation. Had this study undertaken to measure the phosphate re-
quirement to grow the plants to maturity, it would have been p-robable 
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Plate II. Growth of soybeans in relation to variable 
phosphorus at constant calcium levels, Group II, cmp 1 
(Increasing phosphorus· from left to right, triplicate cul-
tures) . 
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that phosphorus would have influenced seed production. Such phases, 
however, were beyond the scope of this problem. 
Group III was set up to study the influence of calcium and other 
bases on the utilization of seed phosphorus in the absence of other 
supplies of this element. Albrecht (1) (4) (5) has shown that calcium 
has a fundamental influence on growth and nodulation. Both these 
plant characters ran parallel ,\lith the calcium levels. Horner (14) 
pointed out that with varying degrees of saturation of a day by cal-
cium while other bases served as supplementary ions, the nodulation 
follows the calcium saturation very closely. 
The results of group III show that as the adsorbed calcium 
changed from 0.0 to 0.4 M.E. per plant the growth and nodulation 
increased accordingly, whether the supplementary ions are non-essen-
tial nutrients like hydrogen and barium or essential nutrients like 
potassium and magnesium. The latter two increased the height of 
the plants significantly, but the weight differences are less pronounced. 
These data are given in Table i, Figure 5 and P1ate III. 
TABLE 7.-INFLUENCE OF LIMITED PHOSPHORUS ALONG WITH CALCIUM 
AND OTHER BASES ON GROWTH AND NODULATION OF SOYBEANS 
(Group III, Crop 1) 
Cul- l Treatments Crop Characters 
ture Supple-
Average 1- Wt. of 50 Plants Nodules Num- mentary per 50 
ber Calcium Cation Height Tops L Roots r Total Plants 
-
, 
M. E. M.E. ems. gms. gms. gms. 
SERIES G (CA LeI UM-HYDROGEN) 
I 0 20 4 4.930 2.180 7.110 0 
2 5 15 14 7.185 3.700 10.885 7 
3 10 10 19 10.670 4.883 15.553 192 
4 15 5 22 11. 840 5.647 17.487 982 
5 20 0 26 12.390 6.130 18.520 1186 
SERIES H (CALCIUM-MAGNESIUM) 
I 0 20 6 6.410 2.228 8.638 83 
2 5 15 30 10.500 3 . 820 14.320 341 
3 10 10 33 10.715 5.645 16.360 9 
4 15 5 28 13.075 6.510 19.5.85 570 
5 20 0 26 11.475 5.355 16.830 972 
SERIES I (CALCIUM-POTASSIUM) 
I 0 20 2 5.260 2.960 8.220 3 
2 ' 5 15 24 8.637 4.500 13.137 206 
_, 10 10 30 10.415 5.500 15.915 487 
4 15 5 33 11. 240 5.370 16.610 603 
SERIES J (CALCIUM-BARIUM) 
I 0 20 
2 5 15 17 7.190 3.571 10.761 35 
3 10 10 19 9.453 5.240 14.693 354 
4 15 5 20 11. 885 5.000 15.885 818 
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Such results again emphasize the predominant influence of cal-
cium and also show that the seed phosphorus was apparently sufficient 
to meet the growth requirements of the plant up to this stage of de-
velopment. The seed phosphorus must have been used more efficiently 
as the amount of adsorbed calcium increased, because more phosphorus 
is required to grow the larger crop produced. Analytical data of the 
crop testify to this fact. 
20 :MISSOURI AGRICULTURAL EXPERIMENT STATION 
Plate III. Growth of soybeans as related to seed phosphorus, when 
calcium and other bases were adsorbed on the colloidal complex Group III, 
crop 1 (Increasing calcium from left to right). 
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It is of interest to note that in series H, cultures 1 and 2, mag-
nesium was more effective than the other treatments in stimulating 
the production of nodules, except that in culture 3 the nodulation was 
decreased to only 9 nodules for the SO plants. The nodules in this in-
stance were large but failed to fix as much nitrogen as did the other 
cultures of this series according to the chemical composition cited 
later. Culture 4 was like\:vise below the other treatments. It is probable 
that magnesium interfered with the plants' ability to obtain sufficient 
calcium which, as evidenced by previous citations, is essential for 
nodulation under these conditions. Potassium had a similar influence 
in giving irregularities in the influence of calcium on nodule produc-
tion, whereas the non-essential nutrients did not interfere with nodu-
lation as related to variable calcium levels. 
All series developed the dead, brown areas of the leaves referred 
to in previous groups. The calcium-potassium series showed no im-
provement in this respect. The improvement in this condition noted 
in group II was not necessarily the result of added potash function-
ing per se, but rather may have been due to the beneficial effect of 
a balanced nutrient supply as it gave a more efficient use of all nutrients. 
At present, insufficient evidence has been accumulated under these 
experimental conditions to permit a positive statement, but yet there 
are strong indications that this sympt0111 of physiological distress, 
apparently related to the nitrogen metabolism, may be overcome by 
presenting a balanced mineral nutrient medium that will permit a 
complete and sympathetic physiological relationship between the bac-
teria and the plant. 
II. Chemical Composition. First Crops, Groups I, II and III. 
The variation in phosphorus applied showed no definite general varia-
tion in the chemical composition of the plants. The results of group I 
show that phosphorus has been 1110st effective in the high calcium 
levels. These data are recorded in Table 8 and shown graphically 
in Figure 6. The nitrogen content of the crop increased with increasing 
amounts of phosphorus on these high calcium levels but decreased with 
its increase on the low calcium level. Also, nitrogen fixation has been 
much more efficient under these conditions. No positive fixation bal-
ance* was present for the low calcium levels, which once more empha-
sizes the essentiality of calcium for the process of nitrogen fixation . 
The percentage nitrogen in the plant tissue was highest with the high 
calcium levels where the growth was also largest, showing that the 
* A positive fixation Lalance as referred to here means that the amount of nitrogen found 
in the crop was in excess of the am)':.lnt ndded in 50' seeds. The average amount in 50 seeds 
was 385.68 '" 4. 60 mgms. This figure is an average of seven samples. 
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TABLE S.- INFLUENCE OF PHOSPHORUS ON CHEMICAL COMPOSITION 
OF PLANT MATERIAL 
(Group I, Crop 1) 
Amount in 50 Plants 
Cul-
1---------1--,------1---------------
ture --I Num-
ber % 
------
4.34 
2 4.11 
3 3.47 
4 4.14 
5 4.05 
6 4.98 
7 6.24 
8 4.59 
9 5.32 
Nitrogen Phosphorus Calcium Potassium 
mgm·I-~ % -j mgm. _ % [mgm. - % t mgm~ 
SERIES A 
361 - 24 0.634 52.7 1.12 93 2.19 182 
287 - 98 0.626 43.7 0.95 66 1. 87 131 
274 -111 0.441 34.0 1.00 79 1. 16 92 
SERIES B 
356 29 0.556 48.3 1.07 93 1. 60 139 
428 43 0.578 65.1 0.97 103 1. 73 181 
384 1 0.653 50.3 0.37 28 1. 68 130 
SERIES C 
343 42 0.552 30.8 0.87 48 2.06 113 
421 36 0.626 57.3 0.97 89 1. 75 160 
477 92 0.661 59.3 0.45 40 2.24 201 
total quantity of nitrogen in the crop was not due to an increased 
growth only, but also due to an actual increase in the percentage 
protein content of the plants. 
Calcium had a similar influence on the phosphorus content of the 
plants. Those that received the most calcium contained more phos-
phorus as increasing amounts of phosphorus were added. The curves 
for the phosphorus content resemble closely those for the nitrogen 
content on similar treatments. Several investigators have reported the 
beneficial effects of liming on those of phosphorus and the data here 
presented give a partial explanation for this beneficial effect by suggest-
ing that the liming helps the plant to get more phosphorus. 
The data for the calcium analyses show decided variation. They 
show definitely however, that ,'lith the highest phosphorus level in the 
treatments there was a decreased calcium content of the crop. 
The potassium data are likewise related to the influence of cal-
cium. -When plotted as curves those for this element closely resemble 
the curves for nitrogen and phosphorus. At the low calcium level the 
increasing applied phosphorus resulted in decreasing potassium con-
tent. VVith medium ca1ciwTI application there was a general increase 
in potassium, whereas at the high calcium level the potassium content 
increased with increasing phosphoru~ in a straight line relationship. 
Very emphatically these data show the dominating influence of 
calcium in the nutrition of the plant. When the calcium requirements 
were satisfied, more of the other nutrient minerals as well were con-
tained in the crop not only because of increased crop production but, 
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as is indicated here in most cases, there was an actual tissue enrich-
ment as measured on a percentage basis. 
It must also be remembered that the differences in calcium levels 
were not extraordinarily large. The difference between the low and 
high levels was only 1 M.E. (20 mgms.) of calcium per 50 plants. 
This additional calcium can be considered as being- available since the 
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higher ca1ciul11 levels were obtained by increasing the percentage satura-
tion of the complex ,and where it is more readily usable by plants as 
shown by Horner (14). 
The data for group II show that the added phosphorus had little 
effect and that the differences noted in composition are not significant. 
The balancing of the nutrient media tended to stabilize somewhat the 
composition of these plants as shown by Table 9 and Figure 7. A larger 
percentage of the cultures showed a positive nitrogen fixation than did 
those of group I, thus pointing to the beneficial effect of a balanced 
medium on the symbiotic relationship of the bacteria and the plant;;. 
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ber 
1 
2 
3 
4 
1 
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1 
2 
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4 
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TABLE 9.-·]NFLUENCE OF PHOSPHORUS ON CHEMICAL COMPOSlTLON 
OF PLANT MATERIAL 
(Group II, Crop 1) 
Amount in 50 Plants 
Nitrogen Phosphorus Calcium Potassium 
--'-1-
-;Tmgm. -;-1 mgm. -~r mgm. mgm. % mgm. fixed 
SERIES D 
4.57 406.5 20.9 0 . 514 45.6 1.06 94.4 1. 54 137 
4.20 378.6 - 7.08 0.387 34.9 1.14 103.8 1. 73 156 
4.59 368.9 -16.78 0.465 37.3 0.98 79.2 1. 81 145 
5.46 463.0 77.32 0.487 41.4 1.16 98.7 1. 86 158 
SERIES E 
4.70 433.7 48.02 0.468 43.2 1.00 92.0 1.93 178 
4.13 354.2 -31.48 0.481 41.3 1.10 94.5 1. 75 150 
4.24 366.1 -19.58 0.496 42.S 1. 01 87.5 1. 75 151 
4.34 391.8 6.12 0.447 40.4 1.18 107.3 1.46 132 
SERIES F 
4.47 400.7 15.02 0.458 41.1 1.02 91.9 1. 57 141 
4.04 312.4 -73.28 0.479 37.0 1. 23 95.7 2.14 165 
4.64 426.6 40 .92 0.555 51.3 1.00 92.4 1. 57 145 
5.08 433.0 47.32 0.500 42.6 1.19 101.3 1. 58 135 
The added potash was not sufficient to cause any significant increase 
in plant potassium. It is probable that the calcium was present in 
sufficient quantity to exert some regulating. influence on the potassium 
absorption. 
The data for group III show that with increasing amounts of 
calcium on the complex there was a corresponding increase in the 
amount of the various minerals obtained ill the harvested crop. These 
data are given in Tables 10 and 11 and shown graphically in Figures 
8 and 9. 
The total nitrogen of the crop shows a close relationship to the 
calcium supplied for all treatments but there are certain differences 
betwen the different series. It is evident that series H, culture 3, is 
much lower in nitrogen than any of the other cultures for this series. 
It was this culture that had only nine nodules per 50 plants. 'With this 
exception the calcium-magnesium series was the most 'efficient in nitro-
gen fixation. This is to be expected because magnesium, like potassiulll, 
is an essential plant nutrient and should stimulate this process when 
added to an electrodialyzed clay. 
The peaks of the potassium-calcium series tend to arrange them-
selves in positions opposite those of the calcium-magnesium series as 
shown in Figure 8. The calcium-hydrogen and calcium-barium series 
show less fluctuation. Culture 1 of series J produced only three small 
plants, therefore, chemical analysis of this culture was not possible. 
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TABLE 1O.-INFLUENCE OF LIMITED PHOSPHORUS ALONG WITH CALCIUM 
AND OTHER BASES ON THE CHEMICAL COMPOSITION OF PLANT MATERIAL 
(Group III, Crop~l) 
Amount in 50 Plants 
----
CuI- pH of Clay Nitrogen Phosphorus 
ture 
, 
-
I , 
- ,_.= Num- mgm. 
ber Start Finish % mgm. Fixed % 
SERIES G (CALCIUM-HYDROGEN) 
1 3.50 5.12 5.92 420.9 35.22 0.513 36.47 
2 4.32 4.62 3.64 396.2 10.52 0.370 40.27 
3 5.00 4.90 3.00 466.6 80.92 0.333 51. 79 
4 5.67 5.25 2.99 522.9 137.22 0.287 50.18 
5 6.94 5.25 2.85 527.8 142 .12 0.288 53.33 
SERIES H (CALCIUM-MAGNESIUM) 
6.80 5.25 5.10 440.5 54.82 0.458 39.56 
2 6.80 5.35 3.10 443.9 58.22 0:321 45.96 
3 6.80 5.35 2.41 394.3 8.62 0.288 47.11 
4 7.00 5.36 2.75 538.6 159.92 0.264 51.70 
5 6 .80 5.46 2.82 474.6 88.92 0.283 47.62 
SERIES I (CALCIUM-POTASSIUM) 
7.25 6.15 4.66 383.0 2.68 0.432 35.51 
2 6.65 5.53 2.77 363.9 -21.78 0.277 36.38 
3 6.94 5.48 3.12 494.5 108.82 0.342 54.42 
4 6.94 5.36 2.61 433.5 47.82 0.294 48.85 
SERIES] (CALCIUM-BARIUM) 
1 6 .86 6.40 
2 7.05 5.48 3.60 387.4 1.72 0.393 42.39 
3 7.10 5.19 3.03 445.2 59.52 0.329 48.33 
4 7.10 5.20 2.90 470.2 84.52 0.293 47.52 
TABLE ll.-INFLUENCE OF PHOSPHORUS ALONG WITH CALCIUM AND OTHER BASES 
ON THE CHEMICAL COMPOSITION OF PLANT MATERIAL 
(Group III, Crop 1) 
Amount in 50 Plants 
Culture 
pH of Clay Calcium Potassium 
Number Start I Finish % mgm. % mgm. 
SERIES G (CALCIUM-HYDROGEN) 
1 3.50 5.12 0.27 19.19 1.998 142 
2 4.32 4.62 0.27 40.27 1.687 183 
3 5.00 4.90 0.55 85.54 1.120 174 
4 5.67 5.25 0.77 122.40 1.120 195 
5 6.94 5.25 0.82 151.86 1.093 202 
SERIES H (CALC! UM-MAGNES! UM) 
1 6,80 5.25 0.25 21. 59 1:444 124 
2 6.80 5.35 0.35 50.12 1.350 193 
3 6.80 5.35 0.51 83.43 1.120 183 
4 7.00 5.36 0.55 107.71 1.147 224 
5 6.80 5.46 0.92 154.83 1.269 213 
SERIES I (CALCIUM-POTASSIUM) 
1 7.25 6.15 0.14 11.50 5.683 467 
2 6.65 5.53 0.24 31.62 4.563 599 
3 6.94 5.38 0.55 87.53 3.334 530 
4 6.94 5.36 0.73 121. 25 2.443 405 
SERIES] (CALCIUM-BARIUM) 
6.86 6.40 
2 7.05 5.48 0.29 31.20 1.471 158 
3 7.10 5.19 0.31 45.54 1.458 214 
4 7 .10 5.20 0.66 104.84 1.039 165 
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The percentage nitrogen decreased with increasing calcium levels in the 
hydrogen and barium series, but this was not the case in all cultur'es 
of the other two series. 
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bases on the chemical composition of plant material. (Group III, Crop 1) 
From Figure 8 it is to be seen that the phosphorus curves closely 
resemble those for· nitrogen, in relationship to calcium and with regard 
to specific treatments. Magnesium had a more pronounced influence 
than the other elements. The peaks of the calcium-potassium and 
calcium-magnesium curves are opposite as pointed out in the nitrogen 
curves. The percentage figures show that increasing amounts of calcium 
decreased the percentage of phosphorus in the calcium-hydrogen and 
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bases on the chemical composition of plant material. (Group III, Crop 1) 
calcium-barium series put this, as was pointed out in the nitrogen data, 
was not true for the other two series. These facts once more empha-
size the possibility of increasing the percentage nutrients of the plant 
tissue by supplying the necessary amounts of calcium and then balancing 
the media with other essential nutrient elements. Under such conditions 
the feed value of the plant would be considerably increased. 
The calcium data show direct relationships between available cal-
cium on the complex and the calcium found in the plants in terms of 
percentage as well as total milligrams harvested. There are no signifi-
cant differences between the various treatments except for the calcium-
barium series where, apparently, the barium interfered with the absorp-
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tion of calcimll by the plant. A similar interference by magnesium is 
observed in cultures 3 and 4 of the calcium-magnesium series. 
The data for the potassium content of the crop indicate certain 
points of interest. In the calcium-hydrogen series the total amount of 
potash harvested in the crop shows practically a direct relationship to 
the variations in the available calcium and the percentage composition 
shows an inverse relationship. The calcium-magnesium series shows a 
similar relationship except that the quantities are greater in total 
amounts and the percentage composition is not inversely related to 
the calcium available. Series I, calcium-potassium, shows that an 
abundance of available potassium can depress significantly the plants' 
ability to obtain calcium and at the same time increase the potassium 
content of the crop two to three times. The calcitl111-bariul11 series 
shows no significant variations, but at the point of 50 per cent saturation 
of each ion the potassium content is relatively high. 
As shown by the chemical composition of the plants, it is evident 
that phosphorus has not been the controlling factor and as pointed out 
by Lundegardh (18) the amount of phosphorus absorbed by the plant 
is not necessarily related to the amount present in the soil. In order 
to obtain the greatest benefit fro111 whatever phosphorus was present 
or applied under these conditions it was necessary that the plants' needs 
for calciwn were first satisfied. Whenever this occurred there was 
not only an increase in the total minerals harvested but also an improved 
nature and value of the plant material as feed in terms of composition. 
III. Declining Fertility Levels as They Influence Growth and 
Nodulation (Group I, Crops 1, 2 and 3).-The second phase of this 
investigation was carried out by growing three crops on the media 
prepared as indicated for group L As soon as one crop had been har-
vested, the pH of the cultures was determined. These were then 
allowed to stanel and evaporate to optimum moisture content a-nel re-
seeded with 50 inoculated soybean seedlings per culture. 
The decline in fertility as measured by consecutive crop production 
is shown by the data recorded in Table 12, shown graphically in Figures 
10, 11 and 12 and by photographs in Plate IV. 
It is apparent that the cultures were capable of producing a second 
crop that was as good as the first crop. Previous work showed (4) 
(5) (14) that the second crop was not as good as the first crop when 
grown under conditions similar to these. One may assume then that 
the added phosphorus helped significantly in producing a good second 
crop. The third crop was considerably smaller than the other two, 
indicating that after two crops had been harvested the nutrient supply 
became·critieally low and even the presence of soluble phosphorus was 
not sufficient to stimulate good soybean growth. 
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TABLE 12.-INFLUENCE OF PHOSPHORUS ON GROWTH AND NODULATION OF 
SOYBEANS IN RELATION TO DECLINING SOIL FERTILITY 
Cul-
ture 
Num-
ber 
1 
2 
.1 
4 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
9 
I 
2 
3 
4 
5 
6 
7 
8 
9 
Treatments 
Phos- I 
phorus Calcium 
M. E. 
0.65 
1. 25 
1. 87 
0.65 
1. 25 
1. 87 
0.65 
1. 25 
1. 87 
0.65 
1.25 
1. 87 
0.65 
1. 25 
1. 87 
0.65 
1. 25 
1. 87 
0.65 
1. 25 
1. 87 
0.65 
1. 25 
1. 87 
0.65 
1. 25 
1. 87 
M. E. 
10.0 
10.0 
10.0 
10.5 
10 . 5 
10.5 
11.0 
11.0 
11.0 
10.0 
10.0 
10.0 
10.5 
10.5 
10.5 
11.0 
11.0 
11.0 
10.0 
10.0 
10.0 
10.5 
10.5 
10.5 
11.0 
11.0 
11.0 
(Group I, Crop 1-2-3) 
Crop Characters 
I Weight of 50 Plants I Nodules Average ----I ,---- per 50 
Height Tops Roots Total Plants 
ems. gms. 
CROP 1 
35.5 6.216 
39.3 5.440 
48.2 5.937 
35.5 6.721 
44.4 7.515 
48.2 5.401 
40.6 4.118 
44.5 6.934 
40.6 6.974 
CROP 2 
27.9 5.952 
33.0 7.157 
38.1 7.950 
35.5 8.942 
38.1 6.505 
38.1 7.530 
35.5 7.944 
36.8 7.527 
36.8 7.313 
CROP 3 
36.8 4.500 
34.3 4.706 
34.3 4.853 
33.5 6.162 
39.3 5.494 
34.3 6.011 
36.8 5.022 
38.1 6.204 
38.1 4.506 
gms. 
2.097 
1.537 
1.962 
1.964 
3.062 
2.309 
1.375 
2.223 
2.000 
1. 976 
2.627 
2.544 
2.378 
2.638 
2.812 
3.447 
3.030 
3.333 
1.538 
1.233 
1.190 
1.180 
1. 261 
1.763 
1.500 
1.487 
1.361 
gms. 
8.313 
6.975 
7.899 
8.685 
10.577 
7.710 
5.493 
9.157 
8.974 
7.928 
9.784 
10.494 
11. 320 
9.143 
10.342 
11. 391 
10.557 
10.646 
6.038 
5.939 
6.043 
7.342 
6.755 
7.774 
6.502 
7.691 
5.867 
154 
88 
170 
7 
55 
159 
16 
229 
112 
192 
347 
301 
197 
323 
362 
322 
316 
320 
92 
31 
37 
60 
94 
.36 
95 
54 
36 
The different phosphorus levels showed decided vanatlOn in their 
influence on growth and nodulation during the series of three successive 
crops. The first crop showed a general tendency for increased weight 
with increasing phosphorus. The high calcium levels made this effect 
most noticeable. In the second crop the total weight was greater than 
in the first crop. The high calcium level produced the heaviest crop. 
There was less variation between the different calcium levels on the 
two highest phosphorus applications. The third crop showed no definite 
relationship to increments of added phosphorus. The crop weight on 
the lowest calcium level was smaller than that on the other two levels 
in all instances but one, viz., series C, culture 9. 
The variations in height, respresented graphically in Figure 11, 
sho\\" increased height as phosphorus was increased. The degree of 
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stimulation by the phosphorus treatment decreased with the succession 
of crops, indicating an approach to a condition of equilibrium between 
the various treatments and an approach to a level of fertility incapable 
of good crop production. 
The nodulation data show increased nodulation with increasing 
phosphorus in the first and second crops, but in the third crop the 
condition was reversed. This latter case may be partially explained 
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by the fact that water soluble phosphorus was present in the culture 
media, which in the absence of calcium probably existed as an acid 
so that these two conditions, viz., the absence of calcium and the 
presence of an acid, could have exerted a combined influence on 
decreasing the nodulation (4). The nodu~ation data recorded fOr the 
second crop show a very decided increase .oyer that of the ·fir:st crop. 
Thislmprovementin nodulation is probably due to ·a better esta,biish-' 
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ment of the inoculating organism with a lapse of time and with mt1lti-
plication through the growth of the first crop. 
As for the disturbance by the acidity factor, the observed pH 
results are not necessarily a true measure of the calcium removed 
under these conditions. Albrecht (5), under somewhat similar condi-
tions, showed that the ability of the organism to inoculate is greatly 
decreased below pH 5.2-5.5 when calcium clay and no other ions 
Plate IV. · Growth of soybeans as influenced by crop succession Group I, crops 1, 2 and 3 (Increasing phosphorus applied in initial 
crop, left to right-increasing calcium, upper to lower series). 
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were involved. The calculated pH value is probably a more representa-
tive figure for describing the condition relative to calcium in these 
groups. The decreased pH may be due to the behavior of the phos-
phorus. 
These results show that the added phosphorus exerted some influ-
ence toward maintaining the fertility as measured by the first and 
second crops but showed little effect so far as the third crop was con-
cerned even though water soluble phosphorus was still present when 
the experiment terminated. These results again emphasize the fact 
that under these conditions phosphorus is an aid to fertility but not 
fundamentally a controlling factor in the nodulation and crop growth 
in the early stages of the soybean. 
TABLE 13.- -JNFLUENCE OF PHOSPHORUS ON THE NITROGEN AND PHOSPHORUS 
CONTENT OF PLANT MATERIAL IN RELATION TO DECLINING SOli. FERTILITY 
(Group J, Crops 1-2-3) 
Amount in 50 Plants 
Cul- pH of Clay Nitrogen Phosphorus 
ture - --T-- --T----· ·'- --1--- '-·  --- --['- ----Num- Caleu- I mgm. 
ber Start Finish lated % mgm . Fixed % mgm. 
CROP I 
6.00 5.35 5.35 4.34 361.5 - 24 . 18 0.634 52.70 
2 6.00 5. 15 5.80 4 . 11 287.5 - 98 . 18 0.626 43 .7 
3 6.00 5.45 5.60 3 .47 274.0 -111.68 0.440 34.0 
4 6.40 5.35 5.35 4.14 356.3 -29 .38 0.556 48.3 
5 6 .40 5.05 5.25 4.05 428.3 32.62 0 .578 61.1 
6 6.40 5.46 6.40 4.98 384.0 -0 .68 0.653 50.3 
7 6.60 5.30 6.40 6.24 343.5 -42.68 0.552 30.8 
8 6 .60 5.05 5.40 4.59 421. 2 35.52 0.626 57.3 
9 6.60 5.46 6.45 5.32 477.0 91.32 0.661 59 .3 
CROP 2 
I 5.35 4. 84 4.80 4.46 378.7 - 6.98 0.536 42.5 
2 5.15 4.74 5.25 4.05 423.4 37.72 0.556 54.4 
3 5.45 4.66 4.70 3.78 431 .0 45.32 0.441 46.3 
4 5.35 4.86 5.00 4.12 498.9 113.22 0.536 60.7 
5 5.05 4.84 4.40 3.62 354.1 -31.58 0.582 53.2 
6 5.46 4.84 5.25 4.05 448.3 62.62 0.653 67.6 
7 5.30 5.03 5.25 3.83 466.1 80.42 0 . 526 59.9 
8 5.05 4.67 4.80 3.76 424.6 38.92 0.526 55.8 
9 5.46 5.03 5.30 3.79 431 .6 45.92 0 . 536 57.0 
CROP 3 
4.84 4 . 50 4 .75 4.36 262.6 -123.08 0.556 33.6 
2 4.74 4.17 5.00 5.75 341.2 -44.48 0.807 47.8 
3 4.66 4.65 4.50 6.12 369.7 -15.98 0.595 45.8 
4 4.86 4.00 4.80 4.39 349.6 -36 .08 0.544 43.3 
5 4.84 3.83 4.00 5.99 402.9 17.22 0.626 42 .3 
6 4.84 4.06 5.10 5.52 429.6 43.92 0.683 53.1 
7 5.03 4 .00 5.07 4.74 310.3 -75.38 0.831 54.4 
8 4.67 4.00 4.25 5.27 406.4 20.72 0.673 45.5 
9 5.03 4.00 5.10 4.82 282.8 -102.88 0.484 28.4 
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IV. Chemical Composition of Successive Crops (Group I, 
Crops 1, 2 and 3).-The effect of added phosphorus on maintaining 
fertility under these crop successions was more manifest in the chemical 
composition of the plant material than it was in the growth and nodu-
lation. The first and second crops showed like results fOl" the amount 
of total nutrients harvested, but were considerably higher in this respect 
than the third crop. The largest amount of total nitrogen was obtained 
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in the second crop where nitrogen fixation occurred in seven of the 
nine cultures. In the first and third crops nitrogen fixation occurred 
in but three of the nine cultures. These differences are, no doubt, a 
result of the better inoculation of the second crop. The highest calcium 
level yielded the most total nitrogen. In the third crop there was a 
definite increase in the amount of total nitrogen as the phosphorus 
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levels increased except in one culture, number 9, series C. The data 
for the phosphorus and nitrogen are given in Table 13 and represented 
graphically in Figures 13 and 14. 
The phosphorus data show that added phosphorus favorably 
influenced the phosphorus content of the crops. In the first crop the 
phosphorus content increased as the amounts of added phosphorus 
increased where the medium and high calcium levels were used. In 
the second crop there was again an increased amount of phosphort1s 
in the crop with the high calcium levels, but no definite trend in relation 
to added phosphorus was evident. In the third crop a decrease in plant 
phosphorus occurred with the high calcium level, a slight increase with 
the medium calcium level and a greater increase with the low calcium 
level. It may be that at the low phosphorus level the amount of calcium 
present enabled the plant to utilize the phosphorus efficiently while 
at the higher phosphorus level the supply of calcium and other nutrients 
was not sufficiently balanced to meet the plant requirements and, 
consequently a smaller crop was produced. 
The data for the calcium content of crop 1 (including potassium) , 
Table 14 and Figures 15 and 16, show no definite trends. However, 
the calcium content decreased with the highest phosphorus. The second 
crop shows a general increased amount of calcium as added phosphortls 
was increased, while in the third crop the results were variant. 
The potassium data indicate that added phosphorus influenced the 
potassium content of the crop but slightly under the conditions of this 
experiment. 
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TABLE 14.-INFLUENCE OF PHOSPHORUS ON THE CALCIUM AND PHOSPHORUS 
CONTENT OF THE PLANT MATERIAL IN RELATION TO DECLINING SOIL FERTILITY 
(Group I, Crops 1-2-3) 
Cul- pH of Clay 
Amount in 50 Plants 
ture 
I' I 
Calcium Potass ium 
Num- Calcu- %-1 ber Start Finish lated mgm. % mgm. 
CROP 1 
1 6.00 5.35 5.35 1.12 93.5 2.19 182 
2 6.00 5.15 5.80 0.95 66.3 1. 87 131 
3 6.00 5.45 5.60 1.00 79.0 l. 16 92 
4 6.40 5.35 5.35 1.07 93.3 1.60 139 
5 6.40 5.05 5.25 0 .97 103.1 1. 73 181 
6 6.40 5.46 6.40 0.37 28.9 .1.68 130 
7 6.60 5.30 6.40 0.87 48.0 2.06 113 
8 6.60 5.05 5.40 0.97 89.2 I. 7S 160 
9 6.60 5.46 6.45 0 .45 40.3 2.24 201 
CROP 2 
1 5.35 4.84 4.80 0.60 47.5 1.46 116 
2 5.15 4.74 5.25 0 . 57 52.2 1.45 142 
3 5.45 4.66 4.70 0.82 86.5 1. 53 160 
4 5.35 4.86 5.00 0.41 46.5 1. 80 204 
5 5.05 4.84 4.40 0.75 105.1 1. 28 117 
6 5.46 4.84 5.25 0.87 90.5 1.33 138 
7 5.30 5.03 5.25 0.71 81.1 1.37 156 
8 5.05 4.67 4.80 0.85 89.7 1.20 127 
9 5.46 5.03 5.30 0.90 95.9 1.13 120 
CROP 3 
1 4.84 4.50 4.75 0.70 42.2 1. 79 108 
2 4.74 4.17 5.00 1. 52 31.0 2.16 128 
3 4.66 4.65 4.50 0.53 33.9 1. 78 107 
4 4.86 4.00 4.80 0.65 51.7 1.33 106 
5 4.84 3.83 4.00 0.52 35.4 1.47 99 
6 4.84 4.06 5.10 0.48 37.9 1. 80 134 
7 5.03 4.00 5.07 0.62 40.7 1.92 125 
8 4.67 4.00 4.25 0.50 38.4 1.30 96 
9 5.03 4.00 5.10 0.62 36.7 2.01 118 
The above data tend to show that phosphorus additions influenced 
favorably the nitrogen and phosphorus content of the three crops grown 
under the specified conditions, but did not influence significantly the 
calcium and potassium contents of these crops. Thus it appears that 
as the level of fertility declines, a point suggesting equilibrium is 
reached where the differences due to original treatment are not apparent 
in terms of weight but there is still an increase of these items in the 
composition of the plant material. At such levels, however, the crop 
production becomes so poor because of other nutrients limiting the 
crop growth that the amount of these harvested in the crop may be 
only equivalent to the amount added in the seed. In the case of nitrogen 
there may be less harvested than was in the seed because other nutrients 
are so depleted, that symbiotic nitrogen fixation is not possible and 
some loss of seed nitrogen to the soil or other agencies may occur. 
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DISCUSSION 
The results obtained in this study indicate clearly some effects by 
phosphorus on growth, nodulation and composition of soybeans. These, 
however, are so significantly dependent on the effects by other essential 
and commonly deficient nutrients that phosphorus treatments may not 
manifest effects in the early life of the plants. When the calcium level 
was low, the applied phosphorus was efficient only occasionally, but it 
was effective almost universally in trials along with higher calcium 
applications. These studies point forcibly to the effectiveness of applied 
phosphorus only when the plant is well supplied with calcium. 
By the data and curves given it is shown that there is a close resem-
blance between the variations in phosphorus and nitrogen contents of the 
plants. This suggests that these two elements are closely associated in 
the plant . It seems logical to believe that if nitrogen is so closely 
associated with the calcium content of the crop (1) (14), and the 
phosphorus linked with the nitrogen, then the phosphorus must also 
he related to the calcium content of the crop. However, these relation-
ships do not evolve themselves into a strictly mathematical expression. 
There are then other relations that as yet have not been experimentally 
well defined. 
Many investigators have observed and pointed to the benefits fr0111 
liming. From the data obtained in this investigation it is evident that 
calcium not only decreased the acidity of the soil complex but also aided 
the plant in making more tissue and such of higher percentage content 
of nutrients. This latter effect may be brought about in several ways. 
The adsorbed calcium affects the av.ailability of the other nutrient 
elements possibly because of its influences on solubilities, according to 
the type of linkage of it and other nutrient elements with the colloidal 
day complex. This influence may be particularly significant in relation 
to phosphorus. Also, because of the ability of calcium to displace other 
nutrients from the soil complex. 
Further, the calcium may affect the plant directly by acting upon 
the cell membrane or cell contents in such a way as to make possible 
better entrance, retention and utilization of the available nutrients. 
True (28) pointed out that the addition of calcium ions increased the 
absorption of potassium and magnesium ions from water solutions of 
these salts by seedlings as measured by electrical conductivity. Albrecht 
(1) found that the growing of soybean seedlings for the first ten days 
in a calcium carbonate containing sand enabled them to obtain more 
nitrogen from the soil before nodulation occurred than did similar seed-
lings grown in a calcium carbonate free sand. 
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These items suggest a relationship of these facts to some field 
results with phosphorus application, especially the value of this treat-
ment in conjunction with liming. The data of the Kentucky experiment 
fields (16) show that in most cases the combined application of lime 
and phosphate resulted in a greater increase in crop production than 
was represented in the sums of the increases when phosphorus and 
lime were applied separately. That is, if the increa.se in yield due to 
the application of lime alone is equal to A and the increase due to 
phosphorus applied alone is equal to B, the increase due to the combined 
application of phosphorus and lime is greater than A + B. These results 
necessitate the assumption that calcium aided the crops in obtaining 
more of the other nutrients as well as of calcium or vice versa, thus 
making better crop production possible. 
The use of colloidal clay as a carrier for phosphates as well as 
for other nutrients, suggests that even though the Putnam colloid is con-
sidered as a negative colloid, yet from its chemical composition we might 
assume that it has positive charges as well as negative charges on the 
surface and these positive charges might be capable of adsorbing phos-
phorus directly. The limits of this adsorption, however, are not well 
defined but seem to be associated with the concentration, ionization and 
valency of the phosphorus. This suggests a feasible relationship be-
tween the colloidal clay, calcium and phosphorus. According to 
Baver (6) 
"One divalent cation either replaces two hydrogen ions from the same particle, 
or one hydrogen ion from each of two adjacent particles. In the latter case a 
doublet is formed." 
It might also be possible then for the calcium to be the intermediate 
link between the phosphorus and the colloid by some similar mechanism. 
Scarseth (25) gives a graphic conception of such possibilities. If such 
relationships exist, then there are two methods by which a plant may 
obtain phosphorus from the complex. First, it may exchange an anion 
for the phosphorus adsorbed directly on the colloid or secondly, by 
exchanging hydrogen for the calcium-phosphorus item in which the 
phosphorus is held to the colloid through the calcium. Jenny and Cowan 
(15) suggested that plants obtain exchangeable elements fro111 clay 
by the excretion of hydrogen ions fro111 their roots. These excreted 
hydrogen ions replace the various adsorbed cations. If phosphorus is 
linked to the colloid through calcium, then the hydrogen ion would dis-
place the calcium phosphorus radical which would then be free for 
plant adsorption. Buehrer (10) believes that the particular phosphate 
ion absorbed by the plants is the H 2P04 ion. Such is in agreement 
with the above suggestions. 
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It therefore appears probable, that if the plant obtains its phos-
phorus by exchanging ions for the phosphorus adsorbed directly, there 
,vill not be a close relationship between phosphorus and calcium content 
of the plants. On the other hand, if phosphorus is obtained by excreted 
hydrogen ions replacing the calcium-phosphorus link on the colloid 
then the calcium and phosphorus relationships of the plant will be 
more specific. 
The results of this investigation point forcibly to a synergistic 
relationship between calcium .and phosphorus and possibly to such 
for other ions. How extensively the latter hold, only future work may 
demonstrate, but the phosphorus behavior as indicated by the soybeans 
in their early growth seems to emphasize the importance of calcium 
f or good crop production even before the effects of phosphorus were 
noticeable. 
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SUMMARY 
A study was made of the influence of phosphorus on growth, 
nodulation and composition of soybeans by using colloidal clay as a 
carrier for this anion along with cations as plant nutrients. In connec-
tion with this work the following items seem of importance. 
1. The Putnam colloid adsorbs phosphorus, bnt this adsorption 
is influenced by adsorbed calcium. The phosphorus so adsorbed is 
readily released by electrodialysis, and is therefore available for plants 
on basis of such as a measure. Data for this study show that such 
phosphorus is available to the plant. 
2. Phosphorus is not a significant factor in controlling nodulation 
in the early activity of the soybean plant. 
3. In terms of growth and plant composition, seed phosphorus 
and applied phosphorus were used most efficiently in the early growth 
period when the calcium needs of the plants were liberally satisfied . 
4. \\Then calcium was generously supplied more of the other 
nutrients as well as the calcium were contained in the crop, not only as 
a result of increased crop production, but ·as a consequence of, (in most 
cases), an actual tissue enrichment as measured by percentage. 
5. There was a close relationship between the phosphorus and 
nitrogen content of the plant material. No mathematically specific ratio 
was found for calcium and phosphorus though such was suggested. 
These would indicate a relatively close interrelationship of these three 
nutrients, calcium-phosphorus-nitrogen, and their importance in the 
practical matter of growing soybeans and possibly other legumes suc-
cessfully. 
6. As measured by consecutive crop production, phosphorus 
additions represented a higher level of fertility. 
7. The method of using colloidal clay of known content of ad-
sorbed nutrients, both cations and anions, iil sand suggests extensive 
opportunities for future ","ork in explaining more completely the rela-
tionships that exist between the nature and composition of the colloidal 
soil complex ·and the plants. 
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